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1. 
I. INTRODUCTION 
The problem of the rate of growth and evaporation of 
small particles has received much attention lately, the chief 
interest lying in the application to the behavior of smokes, 
aerosols, and raindrops under given conditions. The problem 
has more theoretical aspects, however, in that diffusion and 
condensation coefficients may be evaluated from the experi-
mental rates of evaporation. In this research, the rates of 
evaporation of small drops of diwnyl sebacate were measured 
at low pressures in a Millikan oil-drop chamber and compared 
with the rates predicted by a kinetic theory of evaporation 
derived in part by the author. 
In this section preliminary analytical expressions 
describing the process of evaporation will be set up in ter.ms 
of Fick•s law diffusion. Two approximations derived by prev-
ious investigators will be discussed. In Section III before 
presenting the results of the treatment used by the author 
and an alternate calculation based on the recent work of 
Frisch and Collins, the experimental procedure and part of 
the experimental data will be discussed. Finally, the agree-
ment between theory and exper~ent will be discussed. 
Under certain conditions the rate at which vapor will 
be transported from point to point in a region Where a con-
centration gradient exists will be described by Fick•s law 
or diffUsion: 
::r ~ 
n.c,:: -D V n 1 
"::.' 
where n 1 is the concentration of vapor molecules, 01 the 
average velocity of vapor molecules, D the diffUsion co-
-> ~ -
2. 
efficient, and i, j, and k unit vectors in the direction of 
the x, y, and z directions. That is, the law states that 
the rate of flow of matter in any direction at a point is 
proportional to the component of the concentration gradient 
in that direction. The limits of validity of this expres-
sion will be discussed in Section III, but at this stage it 
suffices to say that it presupposes constant pressure and 
temperature, and that the variation of concentration is 
inappreciable over a displacement of one mean free pa~. 
The total flux or number of molecules cross~ the 
surface of the drop per unit time will be shown in Section 
III to be 
n fv n.. d;;. 
_. 
where Q n 1 is the gradient of n, , and the integral is 
taken over the area of the surface. The rate of change of 
R, the radius of a spherical drop, if n 1 is given in terms 
of moles per co and spherical symmetry is assumed, is then 
(1.2} 
.3. 
where m, is the molecular weight, p tm density or the drop, 
and r is the radial coordinate in spherical coordinates. 
If Gauss's theorem is applied to (1.1), we have as the 
scalar form of Fick•s law 
where t is the time. To calculate the rate of evaporation, 
the gradient or n 1 at the surface of the drop must be known. 
In most experiments, however, all that is known is that Fick•s 
law applies together with various boundary and experLmental 
condi tiona. In the x type of experiment considered here, the 
system will consist of a spherical liquid drop suspended in 
an inert gas in chamber at constant temperature and pressure 
where the concentration of vapor at the walls (or at infin-
ity if the chamber is large enough) is constant. The problem 
reduces to the solution of the partial differential equation 
(1.3) that obtains under the given conditions, and then cal-
culati~ the gradient from this solution. A complete partic-
ular solution to equation (1.3) is determined by three sub-
sidiary relations -- two boundary conditions, and an initial 
condition. 
In treating the drop problem Langmuir20 as~ed that 
a steady state was rapidly reached, and replaced the initial 
condition by the steady state condition, ~ n,/clt~o. Intro-
ducing spherical corodinates and assuming spherical symmetry, 
I 
4-
he obtained 
This assumption will be discussed later, but it may be stated 
now that it is ·a good approximation and has been used by most 
or the subsequent investigators of growth processes. The 
chief advantage of the approximation lies in the fact that it 
substitutes an ordinary differential equation for a partial 
differential equation. 
One boundary condition assumes . that the concentration 
of vapor at large distances rrom the drop is zero, that is 
n 1 ~ 0, (1.5) 
This condition is easily attained in practice. The solution 
satisfying (1.4) and (1.5) must have the form 
(1.6) 
where 't is a constant. It now remains to determine )' and 
hence the gradient of n1 , by a second boundary condition. 
This must be deduced from the behavior of the vapor at the 
surface of the drop. Langmuir assumed that the concentration 
of vapor at the surface of the drop was n~ , the concentra-
tion that would be in equilibrium with the drop at that temp-
erature and pressure: 
n, _, r~ R (1.7) 
Determining ~ trom (1.6) and (1.7) and substituting this 
value into (1.2), we have 
5. 
dR 
~ 
_-m n;,o 
- 7 (1.8) 
It soon became evident that Langmuir's law, (1.8)~ 
was not at all general, becoming inadequate in circumstances 
such that the drop radius and the mean free path of a dif-
fUsing vapor molecule were comparable quantities. In fact, 
(1.8) predicts an infinite rate or evaporation in the limit 
of zero pressure (since the diftusion constant is inversely 
proportional to the pressure), whereas it is obvious that 
there should be an upper limit to the vapor rate of evapora-
tion at any temperature. The origin of the difficulty lies 
in the fact that Langmuir's assumption of boundary equilib-
rium in the steady state of the spherically symmetric Fick•s 
law diffusion, leads , to a gradient at the drop surface vary-
ing roughly inversely as the radius squared and the pressure. 
This gradient furnished the driving force for the removal of 
vapor molecules, and it is evident that for small drop radii 
and low pressures, the rate af evaporation must be quite 
large. Under these conditions, the drop could not maintain 
an equilibrium vapor concentration at its surface. The fail-
ure of (1.6) under certain conditions is therefore obvious. 
It therefore would seem to be a more reasonable pro-
cedure to estimate the flux of molecules at the surface either 
6. 
by a kinetic or a stochastic theory, and obtain a boundarr 
condition in terms of tb:l concentration and its derivatives. 
This was done in an approximate manner by FUchs 14 and . 
Bradley, Evans and Whytlaw-Gray4. The method they used was 
actually an application of Meyer's simplified ~ean free 
path" theory.7 In brief, this theory assumes that in trans-
po"rt processes all molecules crossing a plane have (as a 
first approximation) a Maxwellian velocity distribution and 
come on the average from a point one mean free path from the 
plane. Accordingly, they supposed that on the average, all 
molecules impinging on a spherical drop, of radius R, at 
their last collision originate in a concentric spherical 
shell, R + 4 in radius ( ~ is of the order of one mean free 
path). The concentration of vapor at R +A · (assuming spher-
ical symmetry) can be represented by n~-- , a value eventually 
to be eliminated from the analysis. In the following 
is the rate per molecule (computed from a Maxwellian dis-
tribution of velocities) at which vapor molecules cross 
unit area of surface. k is the Boltzmann constant, T the 
absolute temperature, and m1 molecular mass of a vapor 
molecule. 
The rate at which .moleeules leave the shell and con-
dense on the surface is given by 
Cl;,P n, • (1.10) 
7. 
where D<., is the condenaation coefficient, the ' fraction of all 
molecules arriving that condense. To the same degree of ap-
proximation, molecules leaving the -surface will travel, on 
the average, a distance 6 be!'ore colliding with another 
molecule. Therefore the rate at which they leave the surface 
and reach the shell is 
(1.11) 
where n 1° as before is the equilibrium value of the vapor 
concentration. The net rate of arrival is then 
.. 
- n I ) 
From (1.2) and (1.7), the net flux at R i-l.l is 
(1.12) 
(1.13) 
Equating (1.12) to (1.13) serves to determine ~ • With ~ 
determined we obtain as the rate of change of R 
If R is large compared to A , (1.14) has the fo:mt 
dR 
<re 
A 
1 + BR/D (1.15) 
For values of R/D large enou £#1 so that unity in the 
denominator may be neglected, Langmuir's law is obtained. 
8. 
In a series of careful experiments, Bradley, Evans, 
and Whytlaw-Gray4 and Birks and Bradley2 confirmed the rela-
tion (1.15), and l:a ve also founi evidence supporting (1.14). 
That is, in addition to the faet that in the limit or zero 
pressure (1.14) converges to the correct vacuum rate, Birks 
and Bradley2 foUl'ld that if ~ is set equal ·to zero, a con-
de'nsation coefficient much larger than one is obtained. To 
this extent, then, they state, the introduction of 4 into 
the theory is justified. In order to obtain the necessary 
ratio of radius to mean free path while conserving the pre-
cision of measurement, they elected to work with large drops 
(10-2 em) and very low pressures. As it will appear below, 
we have confirmed the relation (1.15) for drops as small as 
5 x 10-5 em at somewhat higher pressures. 
Frisch and Collins11 ' 12 arrived at an equation of 
the form (1.15) by more logical methods based on a stochastic 
model of diffusion, eg. by a Brownian motion model of gases. 
However, their result contains certain undertermined para-
meters. 
On the other hand, the Fuchs method is unsatisfactory 
because the model on which it is based remains vague. The 
distance A is never clearly defined, the limits of valid! ty 
of the treatment are not apparent. Moreover, the simple 
"mean free path theory" on which this treatment is based has 
been severely criticized by Chapman7 in that whereas, in many 
eases it leads to the right order of magnitude, in many others 
it predicts an effect not only of the wrong magnitude but of 
the wrong sign. 
An alternate to both these procedures will be developed 
in Section III, based on the use of a non-Maxwellian distribu-
tion of molecular velocities, which is more appropriate to a 
gas in an extremely non-uniform state. Use of this type of 
function not only leads to a boundary condition applicable 
on the drop surface but tends to d:1s play the limits or 
validity of the Fuchs method. It should be mentioned that 
when the stochastic formulae of Collins and Frisch were re-
evaluated to determine the characteristic parameters explic-
itly, substantial agreement was found with the results of the 
kinetic method. However, in the latter calculation certain 
assumptioas were made, the validities of which' are not en-
tirely clear, although apparently justified for the range of 
. conditions involved. In the gas phase, where the derivation 
of non-equilibrium distribution functions is feasible, the 
kinetic method is more convenient than that of Frisch and 
Collins. 
In the following sections, this type of theory wUl 
be developed, the limits of the FUchs theory examined, and 
the experimental methods used to measure rates of evapora-
tion or dimMYl sebaoate drops will be considered. 
10. 
II. EXPERIMENTAL PROCEDURE 
The evaporation experiments were carried out in dry 
air at moderate pressures (1 - 10 em Hg) in a Millikan 
oil-drop chamber built according to the author's specirica-
tions by the Waltham :Model Works, Waltham, Mass. As is well 
known, ·in this apparatus a charged particle is suspended in 
the electric field of a parallel plate condenser, and is 
observed by the light it scatters at an angle rrom a colli-
mated beam. If the charge and the field are known, the 
apparatus provides a convenient means for the continuous 
weighing of a charged drop. These matters are elaborated 
in Millikan • s book24. The dimensions of the chamber were 
approximately the same as the dimensions of the apparatus 
used by Millikan and his coworkers, with certain exceptiou 
which will be noted. 
-- The chamber was set in the middle of a built-on 
thermostat through which water was circulated and regulated 
to within o.ooSOc. The temperature control unit consisted 
of a "Magnaset n mercury thermoregulator operating an elec-
tronic relay which in turn controlled a 500 watt "knife" 
beater. This unit worked against a constant source of 
cooling _ at 25°0, water passing i;·hrough cooling coils 
at a constant rate, at 35°C lost heat to the roam. 
The condenser plates, fashioned of stainless steel 
and flat to lo-3 em, were 10 em in radius, 1.5 em thick, 
and were separated by three glass spacers, 2 em high. In 
Photograph of Millikan Oil Drop Apparatus 
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contrast to Millikan's design~ the condenser was suspended 
f'rom the top plate o-r the chamber which was removable. With 
this arrangement the condenser plates could be removed and 
cleaned witb:::very- little di:f':f'iculty. The electrostatic field 
could be brougnt parallel to the earth•s gravitational field 
by means o:f' three leveling screws on the bottom of the appa-
ratus and two spirit levels on the top plate of the condenser. 
The levels were visible through a window in the top of tbe 
chamber. A paper baffle with glass w1i'ldows - usually filter 
paper and microscope cover glasses - was placed around the 
condenser plates to reduce convection currents which were 
appreciable even with good temperature control. In addition, 
a drop which bad dri:f'ted could be returned to its original 
position by tilting the plates (by tilting the chamber) so 
that there was a net force on the drop tending to make it 
move horizontally. The leveling screws and spirit levels 
allowed the ohrunber to be tilted in the right direction and 
afterward releveled. In this manner, it was possible, in 
the absence of evaporation~ to keep a drop umer observation 
as long as five hours • 
The field was supplied by a regulated high-voltage 
power supply - Model PS-22, Scientific Specialties Corpora-
tion, Cambridge, Mass. (0 - 1600 volts). This power supply 
was of the type that supplies an almost constant current (in 
this case 1 ~lliampere) through a variable load resistance. 
12. 
The potential drop across the known variable resistance was 
applied across the condenser plates. The resistance was 
made up of a network of precision wire wound resistances 
(tolerance, 0.05%) supplied by the Resistance Products 
Company, Harrisburg, Pennsylvania. These were checked on 
the precision A.a-. conductivity bridge used by the group 
at Boston University investigating liquid so2 solutions, 
and were found to be within the tolerances specified. The 
current passing through the resistance network was adjusted 
until the potential drop across a 1018 .• 7 ohm resistance just 
balanced an Eppley precision standard cell (E.M.F. = 1.01865 
volts). The applied voltage was then 10-3 of the resistance 
load. Whsn the power supply was operated in conjunction with 
a constant voltage transformer, only negligiple fluctuations 
of voltage ( 0.05%) were noticed. 
Both baffle and plates were coated with a layer of a 
low vapor pressure liquid to absorb diamyl sebacate vapor. 
This precaution assured that the density of vapor at large 
distances from the drop was effectively zero. For the ab-
sorbent, dieapryl sebacate was used in one series of experi-
ments, and diundeeyl sebaeate in the rest. The vapor pressure 
at 25°C of diamyl, dioapryl, and diundecyl sebacate are ap-
proximately 10-6' lo-8 , and lo-10 nm Hg._ 
The evaporation experiments were carried out in much 
28 the same manner as 1hos e of Woodland and Mack , and Shere-
shefsky and Steekler27. Drops of diamyl sebacate were 
13. 
admitted to the chanber by passing a small amount of air (7 
cc at atmospheric pressure) through a glass frit wet with 
the liquid. In this manner a cloud of drops was carr! ed to 
the region above the plates. No observable decrease in tem-
perature accompanied the expansion. Presumably the relatively 
large heat capacity of the chamber and condenser plates was 
more than enough to counterbalance any flutuation in tempera-
ture of the attenuated air atmosphere. 
As a drop, having passed through a hole in the top 
plate of the condenser, came into view, the hole was closed 
with a shutter. The hole, which was approximately 0.3 mm in 
diameter, can be shown by an approximate electrostatic treat-
ment to have a negligible effect on the electrostatic field. 
The telescope used to observe the drop had a fixed focal 
length of 12 em and a magnification ratio of 10. The scale 
in the eyepiece of the telescope was calibrated at this fixed 
focal length by means of a glass calibration scale (M210, 
Gaertner Scientific Corporation). The focus of the telescope 
was sharp enough so that the calibration was reproducible to 
The voltage, V, required to hold the drop stationary 
was recorded at suitable intervals of time. Usually each 
experiment consisted of eight such readings. The voltages 
and times are recorded in Appendix I. From the data the 
average value of V and dV1/3jdt were calculated and together 
with the pressure were recorded. The velocity of free fall 
was deter.mined (several times on the same drop) so that after 
each measurement of V a rough value could be assigned to the 
radius of the drop by application of the empirical Stokes-
Cunningham law, discussed below. The values were refined by 
combining the data on V with that of the velocity or free fall 
to compute the approximate number of charges on the drop 
(usually 8 ~ 25), correcting to the nearest integer, and than 
using this value of the charge to calculate the radius for 
any value of V (see Appendix II). 
During the time, .4 t, of an experiment the change in 
drop radius, A R, was so small that 
,.., 
-
dR 
Ql" (2.1) 
with good accuracy. This was borne out by the fact that 
plots of R versus t were invariably linear. Values of R 
(the average value of the radius) and dR/dt are recorded 
in Table I. 
Dicapryl sebacate was obtained from the Harchem 
Chemical Company of New York. Diamyl· sebacate was prepared 
in this laboratory by esterifying sebacic acid (recrystall-
ized fran water) with n-amyl alcohol. The resulting mixture 
was washed in sodium carbonate solution to remove unreacted 
or monosubstituted acid and then in distilled water. It was 
then distilled in vacuo, the unreacted alcohol distilling at 
45°c and the ester at 189°0 at 1 mm pressure. The ester was 
TABLE I 
RATES OF EVAPORATION OF DIAMYL SEBACATE DROPS 
Drop p (em) 
T : 25.16°0 
I[ 
(em) u * (min/om) 
Rp 
(em/an Hg) 
1 
2 
3 
~ 
7 8 · 
9 
10 
11 
12 
~~ 
16 
17 
18 
19 
20 
21 
22 
~~ 
1 
2 
3 
~ 
1.987 
1.&.26 
2.844 
2.890 
6.~3 
8.352 
1.890 
1.938 
1.980 
2.021 
3.905 
2.199 
2.249 
2.340 
9.606 
9.685 
6.607 
6.655 
6.374 
4.229 
4.273 
2.806 
2.896 
o.865 
0.89 X 10-4 
1.27 
1.01 
0.48 
1.07 
0.80 
0.92 
1.02 
0.97 
1.52 
0.88 
1.12 
o.5o 
1.10 
2.04 
1.55 
1.77 
1.27 l.UJ. 
2.65 
1.10 
1.55 
1.05 
o.8o 
40.0 
38.3 
41.6 
121.9 
96.5 
88.6 
71.6 
77-4 89.1 
56.2 
54-2 
44-7 
41.0 
1.76 X 10-4 
1.81 
2.88 
1.37 
6.90 
6.66 
1.75 
1.98 
1.92 
3.06 
3.42 
2.47 
1.13 
2.58 
19.59 
15.00 
11.71 
8.43 
8.97 
11.22 
4-71 
4-35 3.04 
o.69 
Experiments 1 to 11 used dicapryl sebacate as the 
absorbent on the plates. In the rest, diundecyl 
sebacate was used. 
6.70 X 10-4 
10.25 6.64, 
3.7ii 
1.16 
* u_ exp(2a"V, /RkT); G"' -= sur:face tension, V, the partial 
- dR/dt 
molal volume, and k the gas constant. 
~6. 
then redistilled in a molecu~ar still. Diunde·cyl sebacate 
was prepared and washed in the same manner. Unreacted 
undecyl alcohol was distilled from the reaction mixture at 
70°0 at 1 mm. The ester was then distilled from the residue 
in a molecular still. 
The density of pure di-n-amyl sebacate was determined 
in the range 15 - 35°0 with a Westphal! balance, and was 
found to obey the relation P = (0.9288 - 0.0053 (t0 0 - 20)) 
g/cc. The density of dicapryl sebacate was similarly found 
to be 0.9039 g/cc at 25°C. 
For the pressures at which these zoo asurements were 
made, Stokes• law for the limiting velocity ot tall ot sma~l 
spheres in a viscous medium tails quite seriously. This is 
due to the fact that at low pressures the mean free path o:f' 
gas molecules becomes comparab~e to the radius of the sphere. 
under these conditions. the gas no ~onger acts as a contin-
uous viscous medium as is assumed in the derivation of 
Stokes•s law. Millikan23 observed that a law of the form 
-
-
l -8 ~ v .X 10 g( P, - P, ) (2.2) 
was more suitable. Here ~ is the viscosity {in poise) of 
the medium. P, and P, the densities of the drop and the med-
ium respectively, g the acceleration of gravity, v the limit-
ing velocity, p the pressure (in am Hg), R the drop radius 
(in microns), and b the Stokes-Ounninghgm coefficient or the 
17. 
coefficient of slip. At infinite pressure the formula con-
verges on the usual Stokes law. b las been determined for 
several systems: 
b ~ 7.2 (0.864+ 0.29 x exp(-0.175 x Rp) (clock oil and air) 23 
b • 7.16 (0.772 + 0.400 x exp(-0.228 x Rp) (glass and air)19 
b = 7.16 (0.898+ 0.312 x exp(-0.330 x Rp) (oil and nitrogen) 22 
The value of b appropriate to our measurements was 
determined as follows. The velocity of fall or a single 
drop of dicapryl sebacate, whose rate or evaporation was 
negligibly small, was measured at various pressures (1 - 10 
em Hg). Then 9~ v x lo-8j2g( P, - J4 ) was plotted versus 1/p. 
The resulting curve deviated only slightly trom a straight 
line. Extrapolation o~ th1s curve to 1/p equal to zero pro-
vided a rough value tor R. Using this value of R, the charge 
was determined and corrected to the nearest integer. Then R 
was calculated exactly. Now the original data could be made 
to yield the value of b appropriate to each pressure by de-
tailed application of (2.2). The results are tabulated in 
Table II. In Figure 1, we have plotted the experimental 
values or b, and the analytic formula 
b: 7.2 (0.864~ 0.280 X exp(-0.18 X Rp)). 
The average deviation of the experimental points from this 
curve is about 2 ~. In view of its high rate of evaporation, 
b could not be determined for dimnyl sebacate in this manner. 
9.0 
8.5 
8.0 
b 7.5 
7.0 
6.5 
1.0 2.0 3.0 
Figure 1 
4.0 
RP 
5.0 6.0 70 
-
TABLE II 18. 
DETERMINATION OF THE COEFFICIENT OF SLIP 
Drop p 9}{ v Charge R b 
(em Hg) 2g (~ -4> ( em) (em/em Hg) 2 (em ) 
0.535 X 10-4 1 0.802 6 -8 1 8.07 X 10-4 5. 7 X 10 
2.134 2.24 2 o.537 7.72 
2 6.147 0.95 1 o.5~ 7.38 
3 1.378 3.90 1 0.598 8.16 
4 3.688 1.68 1 o.622 7.65 5.193 1.30 o.62o 7.66 
5 0.619 8.5~ o.6o7 't 8.34 2 1.~3~ 4.1 o.6o~ 8.35 2. 6 2.3 o.6o · 8.20 
6 0.525 10.~6 2 0.672 7.90 
0.743 1· 1 o.672 7.92 0.93~ 6.1b o.672 7-9~ 1.33 · 4-~ o.672 7·9 1.566 3. 6 o.672 7-~ ~:~~ 2.52 o.678 1· 1.6o o.679 7.38 
7.510 1.10 o.679 7.04 
9.510 0.98 0.685 7.02 
7 o.b77 7.6b 2 0.727 7.63 
1. 1~ 4.0 0.727 7.85 3.40 2.11 0.727 7.43 
5.098 1.53 0.727 7.05 
8 0.783 7.95 2 0.728 7-99 
9 0.76~ 10.40 4 0.913 8.oo 0.98 8.22 0.912 1·61 1.221 6.7~ 0.914 1·~ ~,002 3.0 0.915 7. 
-490 2.l1 0.916 'l:~~ .106 1. 2 0.921 
10 1.860 5.31 4 1.029 7.68 
3-499 3.21 1.031 7.28 
l -6 ~ 183.2 x 10 poise, P1-= 0.9034 g/cc, T =- 25 .15°C 
Instead, the value measured for dicapryl sebacate is assumed 
to hold. This partially justified when it is considered that 
the two substances are similar, and b differs only slightly 
for such dissimilar substances as glass and oil, as is seen 
above. 
Velocities were not corrected for the effect or 
Brownian motion. By Einstein's theory, the displacement of 
a Brownian particle in. a time .G t should be proportional to 
~. Potentials less than V were applied, such that v 
varied by a factor of 5 to 10 for a single dicapryl sebacate 
drop. It was observed that the radii calculated for each v, 
the net gravitational and electrostatic force having been 
substituted for mg, differed at most by 2 %. The effect or 
Brownian motion9, therefore, whiCh predicts non-random com-
ponents, dv, varying as v-2 superposed on v, was assumed to 
be negligible. 
20. 
III. THEORY OF THE RATE OF EVAPORATION 
Consider a binary gas mixture consisting of components 
1 and 2 whose molecular masses are m, and m:L , respectively. 
The concentrations of the two species will be denoted by 
..... ~ 
n 1 (r,t)and. n;a.(r,t). A spherical drop of component 1, with 
liquid density J' , is placed with center at r = 0. The gas 
conditions are taken such that no gradients in temperature, 
~ 
pressure, or mass velocity, co , exist and no external 
forces are imposed on the system. This is not quite true at 
the surface of the drop, due to the interaction of the liquid 
surface with the gas phase. However, since the range of this 
force field will be of the order of one or two molecular dia-
meters, the influence of this interaction will be negligible 
except in a region very close to the drop. The approx~ations 
will be made that (a) the drop density is constant out to the 
poiD.t r= R , where the density changes abruptly to the value 
existing in the interior of the gas, and (b) that the velocity 
of diffUsion has no terms dependent on force fields for all 
r ') R • These two assumptions are well justified if the 
17 
vapor molecules are non-polar, where by calculation. it has 
been shown that the transition zone between gas and liquid is 
of the order of one molecular di~eter. In addition, the 
forces between the liquid and gas will be small van der Waals 
type forces, whose sphere of influence will only be a few 
molecular diameters. The radius of the drop may then be 
21. 
defined for this ease with little ambiguity and negligible 
error will be incurred in making the two assumptions stated 
above. In a later section, we will comment on the rate of 
evaporation of polar substances, which may be considerably 
more complicated due to the possibility of a deep transition 
zone as a result of long range surface forces. 
The notation of Chapman and CowlingS will be used in 
the following discussion. Before treating the problem ot 
evaporation, the Ohapman-Enskog theory and some ot its re-
sults will be outlined. 
SUpposing a surrace to have a negative and a positive 
side, we will be interested in the rate at which molecules 
cross from one side to the other. The number of molecules 
-per unit volume of component 1 whose velocities c, , lie in 
..a ~ - _. the range de,, will be represented by f 1 (0 1 )dc.where de,= 
~ Consider an element ot surface ds , where ds 
is the .nagnitude, and the direction is taken along the nor-
mal to d~ pointing from the negative to the positive side. 
- .A If now a cylindrical element of volume, o,• ds dt :: c,,.ds dt, 
is constructed with ds as its base and 01 dt as its slant 
-height, where dt is small eaough that f 1 ( 01 ) may be con-
sidered to be com tant in the element (tm t is, the probabil-
ity of encounters in a time interval dt may be _  ignored, and 
-the variation ott, co.) is small in the interval o,dt, after 
_a 
a time dt all the molecules with velocity o, in the volume 
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-c,,.ds dt will have crossed ds • The rate at which mole-
cules in d~ 1 cross Cs is then f 1 (C. ) G,~ dC, <:B where C, "J'l is 
- ... the component or q, normal to ds. Integrating over all the 
molecules with a positive component of velocity normal to ds, 
indicated by a positive subscript to the integral, the magni-
tude of the. flux (number of molecules per second per unit 
area) of molecules crossing from the negative to the positive 
side of aa is 
l - -JJ, (c,) c,..,dc, (3.1) 
-The net flux at ds, adding the flows in both directions, is 
jr, ct. >c.~ dC: = { j f, ct. > c,,. dt,J .. -: 
= [ n, C.}·n 
tr = aa/ds 
(3.2) 
where the integral is taken over all velocity space. The 
':=;' 
vector n 1 C1 is the flux, the average number of molecules 
passing unit area in the vector direction at any point. 
It is evident that to calculate the rate at which 
molecules impinge on the surface of tte drop, the distribu-
tion fUnction is required. This is given by the solution, 
with given boundary conditions, to the Maxwell-Boltzmann 
integro-differential equation, which determines the t~e 
dependence of f with given initial conditions. This equa-
tion has the form 
,) f + C1f + G~f + C~f + FxJ§ + F~f -r F1§ JCf) 
cf!t X dy dz X ~y z 
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--where ex, c.,., Cz are the components c£ 0, Fx, Fy, Fz the 
~ 
eomponents of F, the external field of force per unit mass 
(actually the acceleration), and J(f) 1he rate at which f, 
changes with time by means c£ eneoun tars w1 th other mole-
cules. J(f) is an integral liaear in r , and is a runc-
tiol!l of the law c:£ interaction between the gas molecules. 
This equation has been solved exactly only for tm equilib-
rium state, J = O, that is, a uniform gas with no depend-
ence on time or coordinates. The solution is tl:e well-known 
Maxwell distribution, valid far equilibrium 
0 '3.11. 2 r, = n 1 (m1/21TkT) exp(- m,c, /2kT) 
However, when non-uniformities are introduced into the gas, 
approximation methods must be used. In Enskog•s developmen~ 
this is done by expanding f 1 in a series It 1 °+ 
I I 1L r +- ~ r +· · I 8 ' 
substituting this iato the Maxwell-Boltznann equation, equat-
ing powers ot t1 , arxi solving the resultiz:g equations. The 
additional assumption is made in the Cha.pm~ -Enskog develop-
ment that r is a function of time only throu~ the time de-
- 2; pendence of tte parameters n 1 , c0 , and T == m1 C1 3k, and their 
derivatives. This corresponds to the assumption that a quasi-
steady state exists; that is, even though the system is not in 
equilibrium, macroscopic parameters (whirih may be fUnctions 
ot position) may be defined analogously to the thermodyn~ic 
parameters and are sufficient to describe the system completely. 
This set or solutions is called the normal solutions to the 
integro-differential equation. The method is discussed in 
much detail in chapters 7 and 8 of reference 16. More gen-
eral solutions15 are obtained by expanding 1' in an infinite 
set or orthogonal polynomials whose coefficients are taken 
as an infinite set of parameters describing the physical 
state of tie system. After the initial values of these 
parameters are given, their time-dependence is given by 
:Maxwell-Boltzmann like equations. However, after a relaxa-
tion time of approximately one collision interval, the sys-
tem is found to approach the state described by the "normal" 
solutions. In this presentation, the approximation as given 
by the Enskog development will be used. 
The first approximation to f, , 1'1° , as has already 
been indicated by the notation, is the Maxwell equilibrium 
distribution. Only the second approximation term r: has 
been worked out for the case of a binary gas mixture. The 
approximate form of r, , correct to the second approximation, 
is then, under the conditions cited above, 
0 J r, + r, 
0 ~ .f 1'1 (r,c,) 2 l - D1 (C 1 
where D1 (C 1 ), in general a fUnction of the magnitude c, • 
is the solution to a subsidiary set of equations (see ref-
erence 8, chapter 8, section 8~31, equations 5 and 9) which 
arise from Enskogts systam of approximation. 
From (3.3) can be derived 
n, ~. - j f, co, fc,d0. 
= - [113 f t: co. >n. cc, >c~dc,J·vn, 
~ 
: -D V n 1 (3.4) 
where the integral function serves to define D, the diffU-
sion coefficient, whose value is in general a fUnction of 
the form of the intermolecular interaction and the ratio of 
the concentrations, n./n~. Equation (3.4) is seen to be an 
expression of Fick's law that the net flux is proportional 
to the gradient of the concentration. D is a very slowly 
varying function (total variation, 10 ~) of the .relative 
magnitudes of n 1 and n:a., which in turn are functions of 
position. For the experimental data which shall be consid-
ered here, since the concentration of component 2 exceeds 
3 that of component 1 by at least a factor of 10 in all case~ 
the variation of D with position may be ignored. Assuming D 
constant, application of Gauss's theorem to (3.4) yields 
(1.3). It has been found possible by Chapman and 09Wling 
-teference 8 Note G) to evaluate the contribution to 0 1 by 
'2- 2.. the third approximation term f, without evaluating f, • 
However, under one of the conditions of the experiDBnt cited 
in the beginning of this section, that is, the vanishing of 
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-gradients of the mass velocity, c0 , the contribution van-
ishes, so that the rate of diffusion is given by (1.3) cor-
rect to the third approxilm. tion. One of the eondi tiona 
'1.. that the ter.m f 1 be relatively small is that the variation 
-of n 1 , c0 , and T be small over a distance of one mean free 
path. 
Using the results of the Ghapman-Enskog development, 
which has been outlined above, it has proved possible to . 
derive a boundary condition and determine its limits of ap-
plicability. Assuming spherical symmetry, n, and nL depend 
only on r. The net flux at the surface of the drop, tte n, 
is seen by (3.2) and (3.4) to be 
(3.5) 
where Jn 1 ~r is the component of the gradient of a 1aorme.l 
to the surface. The flux p may be regarded as being com-
posed of the difference between Pi, the flux of molecules 
condensing from the gas phase, and Pe, the number leaving 
the drop surface at any time. For Pi, we obtain by reason-
ing similar to the derivation of (3.1) 
Pi= ~2 j c{ (c, >:r. ct. >a ·~de', 
+ 
whe.re the positive direction of the surface is taken as 
-
(3.6) 
pointing into the interior of the drop, and o( ( G 1 ) is the 
condensation coefficient {probability of condensation) and 
-may depend on both the direction and Dllgnitude of o,. In 
.-
the absence of defiaite infonnation concerning ~(C,) we shall 
replace it by its mean value 0( , averaged over the integra~ 
21 Lennard-Jones and Devonshire have treated the stmple case 
of H2, BD, and n2 , absorbing on a crystalline copper surface, 
~ 
and found by calculation that ol (C, ) possesses a long flat 
maximum, thus supporting in part the simplification. As ra:r 
as is known, this is the only theoretical evaluation of the 
condensation coefficient as a fUnction of the energy of the 
incident particle. 
Substitution of (3.3) into (3.6) yields 
Pi = J.(j(a2{ tx o J; f,~QC1,. dt; + (J n ,/dr )Iftl ,0 D 1 ( c, ) c~ ac.l ( 3. 7 ) 
~ 
Since D( (C,) must be averaged differently for the two 
iBtegrals in (3. 7}, (){ 11 in general differs from I • When we 
need to perform ealculat ions we . shall take advantage of the 
21 . 
work of Lennard-Jom s and Devonshire , and suppose Ole equal 
to o£1 ; but for the present we shall cart inue to represent 
them by different symbols. 
·- Substitution of the identity 
J c;.P(O) d~ ;: 1/3 j o2 F(O) dC: 
into (3.6) leads to 
,&1 :::: lpnt2 {l'(,n,(R) + f; ,D 0 n,A r)R 
where V is defined by (1.9) and D by (3.~). 
(3.8) 
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To evaluate ~e' the usual assumption is na de that the 
rate at which the molecules leave the surface is independent 
of the rate of condensation. -e' then, is eval.ua ted most 
conveniently by assuming complete equilibrium to exist so 
tba.t p = o. Then n 1 = n. ~ , and since the rates of condensa-
tion and evaporation are equal at equilibrium, 
(3.9) 
Combining (3.8) and (3.9) with (3.5) provides the 
boundary condition 
Dl.P~n 1 (R) - n ,0 ) 
. (1 - f a", ) (3.10) 
applicable at the drop surface. This is the form of the 
boumary condition desired. 
Frisch and Collins11' 13 and Reiss and La Ker26 have 
shown that for the case of diffusion to a growing particle, 
it is a reasonable approximation to assume that after a short 
induction period n 1 depends on t only implicitly through its 
dependence on R(t); in other words, a quasi-steady state has 
been reached. Stated in mathematical form 
The exact solution to this equation, under ordimry experimen-
tal conditions and the given boundary cord itions, is found13 
to differ only slightly from the solution to the steady state 
solution to Fick•s law appropriate to a stationary boundary: 
(1.4) 
n _,. 0 , r ---7' o0 
It was seen that to satisfy (1.~) and (1.5), n 1 had to have 
the form. 
where 
n, = -
r 
{1.7~' 
may be a function of R. Making use of the steady-
state solution {1.7) to compute n 1{R) and (~ n 1 /~r) , deter-R 
mining '-t by application of (3.10), and substituting in (1.3), 
we are led to the result 
dR 
<rt 
" m, oCoV n, ( l - t « , ) l l + Dlol' R \ 
\ (1- i oc,)DJ {3.11) 
which is of tm form (1.15). Comparison of (3.11) arrl (1.15) 
reveals that both A and B or (1.15) are modified in (3.11) by 
the factor (1 - t 1) -l. 
, ' 2.. The successive approximations f, , t , , t, , ••• in the 
non-equilibrium distribution function are proportional to 
0 -1 8 powers of p in the order p, p , p , •••• • At low pressures 
the later terms become very important. As far as the second 
order approximation theory is valid, however, the form or the 
30. 
Fuchs-Bradley equation is correet, except for some modifica-
tion of the constants A and B. 
It has not been found convenient to estomate the con-
tribution to the boundary flux when third order approximation 
terms are included , but some estimate may be made of the 
point iJat which (3.8) breaks down. This occurs whep. the 
t ~ flux due to ft becomes comparable to that due to Ti , from 
( 3 • 8 ) , ·when 
D/R -== 2P (3.1 2 ) 
Otherwise a negative value of the impinging flux could be 
obtained, which is impossible. 
When reasonable values are substituted for )J and D, 
' R 1 - 4 Hg this ~s seen to occur at p ~ 4 x 0 em-em for dibutyl 
-4 
phthalate or diamyl sebacate, and at Rp = 8 x 10 em-em Hg 
for water in air. It is also to be noted that in the 
llinit of z ero pr essure, equation (3.11) does not converge to 
the vacuum rate of evaporation 
dR m1«, JJ nf 
dt 1' 
The same sort of analysis may be applied to flat surfaces. 
In this case, due to the small concentration gradient, the 
boundary condition is applicable to pressures of the order 
of 10-4 em Hg under normal comditions. 
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SUbject to the validity of certain assumptions intro-
duced in order to make the problem soluble, the method or 
Frisch and Coll1ns12 has here been utilized to obtain (3.11). 
Their treatment of diffUsional growth is based on a stochastic 
or Brownian motion theory of diffUsion, where the motion of 
individual molecules is regarded as consisting of a series 
of jumps, whose lengths and directions are entirely random 
or else able to be correlated statistically. FOllowing the 
usual stochastic theory, they have defined P(s)ds as the 
probability of a molecule moving a distance s' (s ~ s' ~ s -t- ds) 
in the time t 0 • Yang
29 has given a rigorous discussion of 
the random walk problem for the gas phase and has found that 
ir t 0 is taken large relative to the mean collision im.terval, 
• t 0 , that is the average time a molecule travels freely be-
tween consecutive collisions, effects due to persistence of 
velocities and to the past history of the molecule are lost 
in the statistical averaging as second order effects. In 
other words, although the distarne and direction a molecule 
travels freely after a collision will in general be correlated 
in some degree with the its d:fr ect ion and velocity before the 
I 
collision, the average distance or a rlight in a time N x t 0 
approaches N t • s the average dist8.1'13 e of flight in a time t~. 
In general, P(s) is a fUnction of position and the 
direction of the jump, but as a simplifying approximation, it 
was assumed implicitly by Frisch and Collins12 (and it will 
32. 
be assumed here) that P(s) is independent of both. Accord-
ingly, if we focus our attention on an element of volume, 
dv, at a position r, then after an interval of t~e t 0 , a 
fraction P(s)ds of the molecules originally in dv will have 
jumped to a spherical shell of radius s and thickness ds, 
concentric with dv. The fraction of these molecules with 
jump-length s striking a spherical drop of radius R at the 
origin of the coordinates will be proportional to the rela-
tive area of this shell subtended by the drop. By elemel:'l-
tary trignametric considerations, the fraction of the area 
subtended, denoted by tw, will be 
iw = 0 s r - R 
t 1- '2. ~ r-R ~ s "" r~- R t -:: s t r -
2rs 
- R~ )t s 
- i {l- (r-a.. - (r "!.. 
- r (3.13) 
The total probability of a molecule jumping from dv 
to the drop surface in t 1m.e t 0 will be 
.fi<s )w(s, r. R)ds 
..,._R 2 
where although , the condensation coefficient, may con-
ceivably be a fUnction of s, since it is at best a slowly 
varying fUnction, it will be represented by its average 
value. The total flux into the drop then given by equation 
(9) or Frisch and Collins12 
33. 
CliO t;ltl ~1:: ~ j 21fr 2n 1 (r) j P(s )w(s, r . a) ds dr 
0 A r-R 
(3 .15) 
where dv has been replaced by the spherical shell or volume 
4 trr 2dr, since n 1 is spherically s~etric. In their treat-
ment, as a result or the use or the mean value theorem to 
evaluate (3.15), a constant k is introduced whose magnitude 
is close to unity. For the sake or aom;parison, we will re-
evaluate this rlux using some assumptions that seen reason-
able. 
If the steady state has been reached, then as in 
(1.7), n 1 = (R/r)n 1 (R). The f'lux at equilibrium is calcu-
lated by substituting n :' far n 1• By reascming similar to 
tm t used to obtain (3 .8), the total flux at the surface of 
the drop is 
110 ~ 
p: Cl( j 21fr2 1 (R/r) n 1 (R) - ~:[: ( s- ) w(s,r,R) ds dr to . :.) n (3.16) R -n 
29 2\ " By' stochastic theory , D = s / / 6 t 0 • Substituting 
(3.17) iato (3.5) to determine n 1(R), and substituting the 
latter into (1.3), t~ rate of decrease of the radius is 
(3.18) 
In gas theory, the distribution of free paths is 
(l/L0 ) exp(- J./L0 ). Since (s~ , is of the order of L0 , the 
+" 
mean tree path, it mq be safely assumed that for s ) < s) , 
P(s) approaches zero very rapidly. Then if R') ~s) , all 
values of s of the order of R may be neglected in the inte-
gration, and the integrals in x may be e:x;panded in a Taylor• s 
series in s, where only the first order ter.ms need be kept. 
In this case 
(3 .19) 
If' s) /t0 is equated to <;. the ne an thermal velocity of' a 
gas at equUibrium, (3.19) reduces to (3.11), since P : Cm/4. 
If t 0 is an integral multiple N of the lll!e an collision inter-
val t~, then since Om -::. BL0/t~ 1 t is evident that Gs) = NL0 • 
Thus the stochastic method employed by Frisch and Collins and 
t:te kinetic theory agree formally in the limit of R))<'s) or 
large Rp, if s : NL0 • 
35. 
In view c:l: the approximations made, the agreement 
must be attributed to the fact that for large Rp the devia-
tion of the velocity distribution fUnction from the Maxwell 
distribution becomes small and that therefore the assu:m.pt ion 
that P(s) is isotropic and independent of position is in-
creasingly valid. Noting the equality of ( s) and NL0 at 
large Rp, the 1\U'lction P(s) : (1/<s) )exp(-s/{ s ) ) was sub-
stituted into x and the integral numerically integrated tor 
several values of Rp. Por Rp : . 2 em-em Bg, x was approxi-
mately 1.3 R ( s) /2, and (3.18) and .{3.19) differed by _, 6 %. 
At Rp = 4 em-am Hg, the difference was 3 ~. 
Yang29 has developed a consistent procedure b1 which 
the exact form of P(s) mtrJ be determined, but in his method 
a knowledge of the deviation of the velocity distribution 
from the Maxwellian is required*. To obtain a more exact 
value of dR/dt, it seems that the most fru.it.ful procedure 
lies in determining the contribution of f ;- to p which can-
not be very large. 
* It should be noted that in the last analysis the stochastic 
theory of diffusion and the kinetic theory are not diff'erant 
theories, but different formulations of the same process. 
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IV. DISCUSSION 
The vapor pressure of a spherical drop depends on 
tm radius through the Kelvin relation 
m. ,o -:::: n ~ exp(2 0"V1 /RkT) 
36. 
where n ,oe/0 is the concentration of vapor in equilibrium 
with a flat surface, O""" the surface tension, V, the partial 
molal volume, and k the gas constmt. Assuming D to va.cy 
inv~rsely with the pressure, equation (3.11) predicts that 
the rate of evaporation will depend on the pressure and the 
radius: 
u -::. a(l + bRp) 
Figure 2 illustrates that drops of diamyl sebacate 
(R = o.5 to 2.0 microns) obey this law even though the in-
cluded range or Rp extends, at times, below 4 x lo-4cm-om Hg. 
The data or Birks am Bradley2 on drops of dibutyl phthalate 
(average radius :. 0.04 em) has been plotted in the same i'ash-
ion in Figure 3. The range of Rp for this data extems from 
6 x 10-4 to .5.50 x 10-4cm-cm Hg. 
From the slope and int eroept, D and Dl ( « = Dlo :::. «, ) 
may be obtsined if the equilibrium vapor pressure is known. 
The vapor pressures of diamyl sebacate were obtained by 
25 extrapolation of data obtained at higher temperatures , and 
• 
Cpd T0 0 
diAS 25.16 
diAS 34.92 
diBPb 19.90 
TABLE III 
CONDENSATION COEFFICIENTS 
0 D( D p 
(mm Hg) (1 
- i ad (p 76 em) 
1.1 x 10-6(a) o.67 0.0237 
4.0 x 1o-6(a) o.68 0.0254 
1.42 x 1o-5(b) 1.27 0.0340 
diBP*b 19.90 1.42 X 10 -5 
* Flat surface 
(a) E.s. Perry and w. H. Weber, loc. eit. 
(b) J. Birks and R.s. Bradley, loc. cit. 
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0.50 
o.5o 
0.76 
o.69 
for this reason the values may be somewhat 1n error. The 
vapor pressures ot dibutyl phthalate, on the other band, 
38. 
were taken from the etf'usion measurements of Birks and Brad-
1ey2 at 19.90°. The resu1ts are tabu1ated in Tab1e III, to-
gether with a value of o( measured by Birks arrl Bradl.ey2 :from 
the evaporation of dibutyl phthalate from a f'l at surface. 
This last value of ()( , 0.69, agrees well with the o< ea1cu1ated 
:trom the rates of evaporation using (3 .11), whereas using the 
same data and equation (l.J.4) one finds oL = 1.00. The val.ues 
of' D eal.ouJa ted from (3 .11) and {l.J.4) are much the same; the 
chief difference then lies in the derived val.ues of the con-
densation coefficient. 
D and were obtained in the same na nner for diamyl 
sebaeate, but the results here are to be regarded as onl.y 
qualititative since the data extends over a range of Rp for 
which {3.11) is somewhat in error. We attempted to extend 
the range of exper~ents, but the data were not found to be 
reproducible at higher pressures. This ms.y be attributed to 
the fact that the induction period required to reach the 
quasi-steady state (eg., a quasi-steady concentration gradient 
depending onl.y on R(t)) is increased due to the decrease of 
the velocity of diffusion at higner pressures. It was also 
noted that the same sort of scatter occured in Birks and 
Brad1ey• s experiDB nts at pressures greater than 10 em. 
Generally the ne asurem.ent of a condensation c oe.fficimt 
is a difticul t experimental problem, in that I)( may be very 
39. 
sensitive to the condition of the S'lr face, which in turn may 
not be very reproducible. For example, measuring the rates 
of eva~orat1on and condensation at a mercury s urface, nud-
sen18 ~ound that although the condensation coefficient was 
approximately o.o5 tor an ordinary mercury surface, it rapidly 
reached 1.00 after several purifications. In· the growth 
of crystal surfaces, there is abundant ev1dence10 that con-
densation takes place preferentially at dislocations (eg., 
strains and deformations in the crystal lattice). However, 
the factor oV(l-i~ ) tor organic liquids as obtained here 
and by Bradley and his cowor cers2•'3 •4 •5• 6 l1as be n found to 
be reproducible to within 4 %. This behavior is ~o be 
:xpected for an inert linuid surf ace. 
The treatment of Lennard-Jones and Devonsh1re21 pre-
dicts C{. -:: 0.2 for H2, liD, and D2 .condensing on copper, and 
higher values for heavier molecules. unrortunately, their 
treatment is based on a perturbation m6thod that converges 
for low values of fX. and is not strictly valid for higher. 
In gene,.al, investigators have found values close to 1.00 
f or metal atoms condensing on clean metal surfa ces, v1'h1ch 
agrees fl ualitativelyywith their theory. However, tor the 
case of heavy molecules with more degrees of freedom t heA 
a monatomic gas• the condensation coefficient may well be 
less than unity when orientation effects and entropies of 
activation are consid r ed. Bradley3 cal culates e. theoret-
ical value of o.7 for thA condensation coefficient of sul-
' I 
fur, asswming reasonable activation energies, modes of 
vibration of the lattice surface, and rotation in the gas 
phase; application of equation (3.11) to this data 7ields 
o.so. 
4o. 
A word may now be said about the assumption of a 
sharply defined transition surf'aee between the liquid and 
the gas phase. Assuming ordinary van der Waals inter-
actions, the calculations of Kirkwood and Butf17 show that 
the transition zone or a non-polar liquid and its gas phase 
is of the order of one molecu1ar diameter. The same is 
true for the range of surface forces. It is obvious, then, 
that if the radius is large (greater than 100 A0 ) relative 
to the depth of the transition zone, negligible error is 
introduced by assuming a sharply defined surface. It is 
doubtful, therefore, that a treatment such as bas been dev-
eloped here would be applicable to aggregates of 10 to 104 
molecules which ere of importance in nucleation theory. 
There is much experimental ev:l.dence15 Wldch.-.indica·t .es 
that in polar liquids the molecular dipoles in the surface 
layers are oriented in the same direction. The net result 
is, apparently, that tl:e depth of the transition zone and 
tm range of the surface .forces may be as large as 1000 
angstrcms. This is still the subject of great dispute, but 
i.f this deep transition zone exists, it may explain the very 
low condensation coe.f:ticierli s f'ound f'or polar compounds. By 
measuring the rate o£ evap·oration into a vacuum, Alty1 esti-
m .ted ol far water ani other polar compoUl'lds to be of the order 
of 0.03. The velocity of diffUsion through the zone should be 
roughly proportional to the difference of the concentration 
gradient in the zone and tle net attractive force toward the 
center, and so may be considerably dit£erent fran a velocity 
of diffUsion calculated without considering these complica-
tions. In the zone, diffUsion 1s also slowed down because 
the diffusion coefficient is smaller; i.e., D ~t be expected 
to be intermediate between the values of D in the liquid and 
in the gas phase. The rate of supply or vapor to the outer 
regions of the transition zone, where vapor is being con-
tinuously removed, can thus be expected to be smaller than 
the rate calculated neglecting the zone. Since t~ conden-
sation coefficient is proportional to the rate of evaporation, 
the low values of tx may tbns be explained. 
APPENDIX I 
TABULATION OF DATA ON VELOCITY OF EVAPORATION 42. (see page 13) 
Drop # t v Av. v1/3 -dvl/3* P** (min) (volts) <rC (em TCP) 
T : 25.15°C Adsorbent on plates was dieapryl sebaeate 
1 o• 00" 11~0 1 5 10 0 
~ 19 875 9-40 0.239 23.22 28 785 18 blO 
7 28 40 
2 0 00 ~35 1 4 80 
2 12 835 
3 21 775 9.10 Q.l62 16.66 
~ 42 l30 16 15 
7 10 635 
3 0 00 1065 
1 30 . 980 
2 5o ~05 ~ 10 7~6 9.40 0.190 33.23 43 
7 00 boo 
9 8 05 
4 0 00 800 0 33 b20 1 10 30 8.00 0.432 33.77 
2 45 500 5 5 350 
5 0 00 1000 
1 ~ 960 3 885 
~ 43 805 9·45 0.129 15.05 
ai 765 7 l35 
9 4 90 
6 0 00 1015 
1 15 ~60 2 43 70 9.30 0.186 97.59 i 30 790 12 l/5 8 8 15 
* 
Obta:lned analyticly from a least-mean square calculation. 
** Pressure in em of trieresyl phosphate. p(cm Hg): 0.08559xp(em TC 
43-
Drop # t v Av. v113 -dVl/3 p (min) (volts) (fE" (em TCP) 
7 O• 00 11 990 
l ~f 875 2 815 ~ ~ 755 9.10 0.231 22.08 705 28 615 
7 30 555 
8 0 00 ~05 1 5 35 
2 5~ 775 2 l35 9.00 0.216 22.64 3 58 80 
~ 6 625 14 575 
9 0 00 ~55 1 21 70 
2 9 820 
~ 13 760 9-20 0.217 23.13 28 boo 8 70 5 53 625 
10 0 00 1075 
l 19 1015 
2 a~ 955 3 915 9.55 0.138 23.61 
l 00 865 58 805 
9 4 720 
11 0 00 980 
1 28 905 
~ 24 785 9.30 0.221 45.63 a~ ll5 55 
T : 25.15°0 Adsorbent on the plates was diundecyl sebacate. 
12 0 00 465 
1 ~ 420 2 385 ~ 26 345 7.10 0.1.59 25.69 27 32.5 33 303 
8 28 263 
44· 
Drop # t v 1/3 -d~/3 Av. V p 
(min} (volts} err (em TCP) 
13 o• 00" 363 
1 27 305 
3 ti 220 6.20 0.327 26.28 4 175 5 145 
14 0 00 805 
1 10 770 
1 38 l25 3 12 55 8.60 0.189 27.34 
5 20 575 6 30 ~g 7 26 
15 0 00 tt~~ 2 7 
5 50 462 7.60 0.0307 112.24 
12 8 426 16 15 40 
16 0 00 695 5. 15 630 
10 ~E 575 13 535 8.30 0.0558 113.16 
16 4 ~05 18 22 85 
19 42 465 
17 0 00 ~4§ 2 56 
4 52 625 8.45 0.0541 77.20 
7 8 597 
9 17 565 12 25 535 
18 0 00 1120 
1 27 1065 
2 ~6 1020 ~ 970 9.90 0.110 77-76 53 930 
7 00 890 8 36 835 
19 0 00 615 
1 ~~ 595 3 555 8.10 0.0748 74-47 6 2 ~20 8 52 85 
10 13 465 
45. 
Drop# t v Av. v113 -dvl/3 p 
(min) (volts) d£' (em TCP) 
20 or 00" 562 
2 :~ 54g g 52 0.0340 49.41 515 8.00 8 30 ~03 11 00 88 
13 12 476 
21 0 00 880 
1 7 835 2 30 780 
3 53 l35 9.10 0.148 49.93 ~ 2~ 6a§ 
22 0 00 bo5 1 11 677 2 22 655 3 41 25 8.45 0.102 32.79 5 00 590 5 tt~ 575 7 535 
23 0 00 ll5 1 38 645 2 23 15 8.50 0.182 33.84 ~ ~~ 565 525 
24 0 00 385 0 37 365 2 30 315 
~ 18 285 6.6o 0.203 10.11 11 265 56 245 5 58 225 
46. 
Drop # t v Av. yl/3 -dVl/3 p (min) (volts) crt (om TCP) 
T = 34.92°0 Adsorbent on plates was diundecyl sebacate 
1 o• OO" 460 
1 11 400 
1 37 380 7.00 0.350 64.26 
2 23 3~0 ~ 23 2 5 13 245 
2 0 00 1050 
1 ~~ 990 1 950 2 895 9.50 0.189 48-96 ~ 00 ~~g 3~ 5 l55 7 00 90 
3 0 00 970 
0 41 ~20 1 10 85 9.35 0.265 34.16 
1 ~5 830 2 775 
3 2~ l28 
4 13 78 
4 0 00 427 0 g~ 385 1 357 
2 11 335 6.90 0.278 24.02 
3 32 285 
~ 4 265 1 230 
5 0 00 380 
0 25 3~5 1 10 2 5 6.30 0.571 12.89 
1 ~g 255 2 170 
3 32 145 
APPENDlX II 
DATA ON DETERMINATION OF DROP RADII 47• 
(see . Page 14) 
Radius measurements of the diruM7l sebacate drops in the 
evaporation experiments. 
T = 25.15°0. 
Drop # p 
(cmHg) 
1 1.987 
2 1.426 
3 2.844 
4 2.890 
5 6.423 
6 8.352 
7 1.890 
10 2.021 
11 3.905 
v* 
(volts) 
570 
1040 
590 
1380 
1140 
530 
1030 
1070 
670 
1090 
570 
g~g 
1080 
560 
1180 
1110 
680 
1080 
570 
** v 
(em/sec) 
0.0392 
0.1044 
0.0870 
0.0480 
0.0473 
0.0365 
0.0196 
0.0272 
0.0237 
0.0167 
0.0118 
0.0$76 
0.0428 
0.0627 
o.o488 
0.0$78 
0.0458 
0.0992 
0.0942 
0.0778 
0.0301 
0.0229 
R•*** 
(em) 
0.763 X 10-4 
1.406 
1.199 
1.167 
1.152 
0.931 
0.551 
1.133 
1.030 
0.892 
0.700 
1.032 
0.794 
1.130 
0.901 
1.072 
0.872 
1.707 
1.628 
1.393 
0.970 
0.779 
* V is the voltage just necessary to suspend the drop. 
** v is velocity of free fall. 
*** R is determined fram the equation: R• 2+ bR'/P = 9~v 
4 . 2\if-JJ)g b = 7.2 X 10- (0.864~.28 X exp(-O.l8Rp)). 
g is the gravitational acceleration, P, the density of 
diamyl sebac~te, and ~ the density or air. ~ = 183.2 x 10- poise. 
48. 
·o T = 25.15 C. 
R"* if"** -fr** e **** ~HH~~ Drop # ec R .. ,. (em) (em) a (em) 
1 o.920x1o-4 o.92ox1o-4 3.7 4 0.943 x 1o-4 
2 1.388 1.409 
1.430 
13.4 13 1.396 
3 1.048 1.100 6.4 6 1.079 
1.103 
1.150 
4 0.546 0.546 0.8 1 0.594 
5 1.108 1.143 7.1 7 1.136 
1.177 
6 0.867 0.852 3.0 3 0.857 
0.837 
7 1.022 
1.044 
1.0.33 5.3 5 1.016 
8 1.150 1.128 
1.106 
6.8 7 1.136 
9 1.045 1.058 
1.052 5.6 5.6 1.052 
10 1.615 1.5900 19.2 19 1.586 
1.572 
1.584 
11 0.945 0.942 .3-99 4 .. 0.943 0.940 
* 
R" : lOR'/ v1/3 is the radius at V = 1000 volts. 
** 
tf" is the average of R11 • 
*** 
ec : 4771.5 x R3/ V is the calculated number of charges. 
**** ea is the as~ed number of charges. 
***** 
R is the radius at V = 1000 calculated from ea• 
49· 
Drop # p v v Rt (em Hg) (volts) (om/sec) (om) 
12 2.199 560 0.0672 1.30~ 510 o.o629 1.23 
230 o.o48o 0.983 
13 2.249 420 0.0272 o.6o8 
14 2.340 1040 o.o6~o 1.303 910 0.0~7 1.216 440 o.o 55 0.985 
15 9.6o6 507 o.o648 2.122 
363 o.o5bo 1.97~ 3 3 0.05 1 1.95 
16 9.685 740 0.0429 1.676 
720 o.o413 1.6~7 
440 0.0341 1.4 0 
17 6.607 720 0.0~99 1.897 ~05 o.o 90 1.674 95 0.0475 1.643 
18 6.655 1280 0.03il 1.372 1210 0.03 1.344 
760 0.02 1 1.172 
19 6.374 105 0.0423 1.513 680 o.oti48 1.56b 
~g o.ol.j.2~ 1.515 0.033 1.300 
20 4.229 653 0.138 2.864 611 0.135 2.819 
,82 0.132 2.784 67 0.116 2.569 
21 4.273 960 0.0373 1.195 
580 0.0298 1.011 
22 2.806 730 o.obmt 1.642 510 o.o 1.457 
23 2.896 730 0.0457 1.135 
485 0.0379 0.973 
24 0.865 410 0.1004 0.902 
50. 
Drop # R" R" ec ea R (em) (em) (em) 
12 1.582x1o-4 1.578xlo-4 18.8 19 1.585xlo-4 
1.547 
1.bo4 
13 0.812 0.812 2.55 2.55 0.812 
14 1.286 1.279 9.98 10 1.280 
1.255 
1.295 
15 2.661 2.682 92 92 2.682 
2.694 
2.691 
16 1.853 
1.826 
1.866 31 31 1.866 
1.920 
17 2.116 2.098 44 44 2.097 2.102 
2.077 
18 1.264 1.270 9.8 10 1.280 
1.261 
1.284 
19 1.700 1.734 25 25 1.737 
1.780 
1.749 
1.708 
20 3.301 3.317 3.317 
3.322 
3.334 
3.311 
21 1.211 1.212 8.5 8.5 1.212 
1.212 
22 1.824 1.822 28.9 29 1.82.5 
1.820 
23 1.260 1.249 9.3 9 1.236 
1.238 
24 0.902 1.214 8.5 8.5 1.214 
51. 
T = 34e92°C. 
Drop # p v v R• (em Hg) (volts) (em/sec) (em) 
l 5.500 540 o.o4o5 1.416 X 10-4 
145 0.0218 0.914 
2 4.190 1140 0.1230 2.687 
630 0.0906 2.210 
3 2.924 1060 0.1274 2.4tl 580 0.0977 2.0 
4 2.056 495 0.1264 2.083 (195) (0.0997) (1. 730) 
5 1.103 470 0.1188 1.296 
b = 7 ·44 (0.864 + 0.28 X exp(0.174 Rp)) X 10-4 
l(-= 188.0 x 10-§ poise 
Drop # R" ti" ee ea R (em) (em) (em) 
1 1.7a9x10-4 1.740x1o-4 25 25 1.740x10-4 
1.7 0 
2 2.572 2.515 2.575 
2.578 
3 2.410 
2.447 
2.429 2.429 
4 2.633 2.633 2.633 (2.983) 
5 1.667 1.667 22 22 1.667 
1. 
2. 
3. 
4-
5. 
6. 
7. 
8. 
9· 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
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From the i n ,tic. theor y of a s s• the f l ux ot 
molecullts condensing on · a. sph rical s ur a ce :per "nit time 
trom the ga s phase is given by an integral involving the 
product of t he velocity distribution (the d nsit y ot 
molecul es in velocity space) and th condensation coefficient; 
the probability or a molecule cond ~nsing on j~paot with 
t h•·. surtace. In the presence or a concentration gradient, 
accor ding to Chapman and Enskog 's theory of non-uniform 
gas es, the velocity distribution function ill differ 
f rom t he Maxwell-Boltzmann distribution, the distribution 
hich i s v l id und r equilibrium conditions, by a ter.m 
propor tional to th concent ration gr dient. The contri b-
ution of this t ~ to the total flux was f ound t o be 
a preciable. 
In gen ,3r al, the cond .ns . tion coef f icient may be 
cons id .red t o be a function of both the m gni tude and 
the di rect ion of the molecular velocity. However, v r y 
l itt l e is kno m about t b 'unctional d ~end no • Lennard-
lone-s and D vonshire bav shown by calculation that tor 
t h c s , of hydrogen and deut er i um adsorbing on a crystal-
line cop er surfa ce, th condensat ~.ou coeffici ent 11 s o. 
l ong flat maximum . It may be assumed, ther ef ore , t h· t 
it i s only a slo,• ly varying f unction or the non-uniformity 
of the g s. In the subsequent dev Jlopm nt, t he condensation 
,. 
coefficient w~s replaced by its average value, ~ , a constant 
~hich can be d ,termined by experiment. 
If' the number or molecules evaporating from th sur .. 
race is assumed to b , inde endont ot the number arriving, 
the flUX of evaporating molecules is "asily ... valuat d by 
setting it e ua.l to the tlux of' molecules that would be 
cond ;nsing from t he :,as phase if' the syst '"'m wer at enuil• 
ibrium.. Equating the diff ,r ence of the t 'll o flux s to th ..... 
t otal flux given by Fick's 1 w, the bol.llidary condition t 
the su t'a.oe is shown to be of the form 
()n,lar) ~ ll (n • n(eq)) 
s ' 
where h is a f'unction ot ot , the temperature and t he pressure. 
Us1ng the stooha.stic formulation or Frisch and Collins, 
this boundary condition was rederived in an independent ~ner 
using a.s specialized conditions that the stochastic transition 
probability is i..,otronie. that the concentration is the st :...a.dy .. 
state concentration, and that t he mean stochastic jump length 
is e'1ual in .agnitude to the mean free -path. 
Using c~rtain results of Frisch and Collins. an ~pp--ox­
imate solution to the differential equation expr _,ssing ~.,ick' s 
law and the appr·o·priate boundary conditions mo.y b obtained . 
To a. high degre e of accuracy, th .... rete of evapor ation may 
then be sho~m to be given by th expression 
i!! bl?n( eg) 
dt 11'- bR 
The rates of evaporation of small diamyl sebacate 
droplets were determined in a Millikan oil drop chamber, 
which was thermostated by a built-on water bath. To mea-
sure the radii the law relating the radius to the velocity 
of f'ree fall v, must be known. This was determined in the 
following manner. The law of fall was assumed to obey the 
Stokes-Cunningham formula relating the radius to the veloc-
ity, the viscosity and the pressure. A drop of dicapryl 
sebacate, whose rate of evaporation was ~easurably small 
was suspended between the plates by a voltage, V, and the 
velocities of free fall determined at a series of pressures. 
By a suitable extrapolation procedure, a rough value of R 
was determined. The charge was then calculated, corrected 
to the nearest integer, and R recalculated. b, the Cunning-
ham coefficient, was now calculated, and for a series of 
drops, was found to obey the relation 
b = 7.2 x lo-4 x (0.864 ~0.28 exp(-.18Rp) am-am Hg. 
This agrees to within 1~ of the form given by Millikan for 
clock oil and air. Due to the similarity in nature of diamyl 
sebacate and dicapryl sebacate, the same b was assumed to 
hold. 
The rate or evaporation was determined by measuring 
the voltage, v, just required to suspend the drop as a func-
tion of time. At any particular value of V, a measurement 
of the velocity of fall and thus of R, yielded a rough value 
of the charge. When this was corrected to the nearest inte-
ger, the radius was known as a fUnction of time. 
dR 
When 1 ~~ corrected for ,the effect of radius on 
vapor pressure, was plotted versus Rp, since the diffusion 
coefficient varies tnverl~ly as the pressure, a straight 
line was obtained as predicted by equation <4>• Using the 
experimental vapor pressures as determined by Perry and 
Weber, values of the condensation coefficient, and D, the 
diffusion coefficient were calculated from the intercept 
and slope. Using a hard sphere model, the radius calculated 
from the diffUsion coefficient corresponded to the state 
where the organic molecule was coiled up tightly. The con-
densation coefficient at the temperatures 25.16°0 and 34.94°0 
was found to be 0.50 and temperature independent. Probably, 
~gher degrees of accuracy could be obtained from a law de-
rived using higher order terms in the velocity distribution 
function or taking into account the perturbation of the sur-
face on f . However, it is shown that for the larger part 
of experimental conditions, these effects are small. 
The values of obtained by the application of equa-
tion <4> compare very well with those obtained by independent 
means. Condensation coefficients obtained from the applica-
tion of a formula developed by Bradley, Evans, and Whytlaw-
Gray do not agree as well. There seems to be negligible 
d1ft r n in tb~ v .l es or t h d1r t ua1on eo tf1o1 n~ -
d uo by t b , t methode. It n y be conolu . th t t 18 
etllod ooneti t ut t lrlr a our t• tbod ot · t , 1 ln 
tX n • 
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